Introduction
High incidences of reactivation of latent virus, shedding of virus in tears and recurrent herpetic eye disease can be induced in mice that survive with undamaged eyes after infection of the cornea with herpes simplex virus type 1 (HSV-1) (Shimeld et al., 1990) . The incidence of such undamaged eyes can be greatly increased by passive immunization with serum containing antiviral antibodies before inoculation with virus (Shimeld et al., 1989) . Moreover, we now confirm the findings of Metcalf et al. (1987) that the incidence of latent infection in the trigeminal ganglion (TG) of such animals is about 100 %. Therefore we have used passive immunization successfully to produce large numbers of animals suitable for the induction of recurrent ocular disease (Shimeld et al., 1989) .
Detailed studies have been done to identify which monoclonal antibodies to viral glycoproteins (Metcalf et al., 1987 (Metcalf et al., , 1988 and which subclasses oflgG (Raizman & Foster, 1988) are capable of conferring passive protection, but little is known of their site of action in vivo. We now report that passive immunization of mice before inoculation of the cornea with virus has no direct effect on replication of virus in the cornea. However, after passive immunization virus spread in the nervous system is restricted thereby preventing the spread of virus back to the eye and the consequent severe ocular damage.
Methods
Mice. NIH/OLA inbred mice were originally obtained from Olac 1976 Ltd and were maintained as a breeding colony in the Department of Microbiology, University of Bristol, UK. All mice were male and used at 8 weeks old; any with abnormal eyes were rejected (Tullo et al., 1983) .
Inoculation. Mice were anaesthetized with Midazolam hydrochloride and Fluanisone in a Fentanyl citrate base. They were inoculated by scarification of the left cornea with a 26-gauge needle (TuUo et al., 1983) through a 5 Ixl drop of medium containing 104 p.f.u. HSV-I strain McKrae. Control mice were inoculated in the same way with a preparation of uninfected Vero cells made in the same manner to the virus inoculum (mock inoculum).
Examination of eyes and isolation of virus from eye washings. Mice were anaesthetized and the cornea, iris and lids examined for signs of disease using a slit lamp microscope. Eye washings were put onto Vero cells for isolation of virus (Tullo et al., 1983) .
Isolation of infectious virus from nervous tissues.
Mice were killed with an overdose of sodium pentobarbitone and the following tissues removed from the left side: the three parts of the TG, the superior cervical ganglion (SCG) and 2 mm 3 of brain stem (BS) at the root entry of the trigeminal nerve. The TG was divided in situ so that part 1 (TGI) probably contained all the ophthalmic and some of the maxillary neurons, part 2 (TG2) contained maxillary neurons and part 3 (TG3) contained mandibular neurons (Gregg & Dixon, 1973; Arvidson, 1979; Tullo et al., 1982) . The three parts of the TG, the SCG and the BS were each ground in 0.5 ml of medium, frozen and thawed three times and 0.1 ml samples of the suspensions were put onto Vero cell monolayers in multiwell plates for assay of infectious virus (Tullo et al., 1982) .
Isolation of virus from latently infected tissue.
The left SCG and parts of the left TG were each placed in 0.5 ml of medium and incubated at 37 °C in 5% COz for 5 days. The tissues were then ground and 50 gl samples of the suspension were put onto Vero cell monolayers. These were then incubated at 37 °C in 5% COz before being fixed and stained so that viral plaques could be counted.
Peroxidase-anti-peroxidase (PAP) staining. Mice were killed with an overdose of sodium pentobarbitone and the eyes removed. Flat mounts of the corneal epithelium and the remainder of the eye (the cornea and endothelium, the uvea and sclera, referred to as 'globe') were prepared and stained by the PAP method for HSV-1 antigens as described by Shimeld et al. (1986) and Dyson et al. (1987) .
Preparation of antiserum to HSV-1. One year old New Zealand white rabbits were inoculated intramuscularly in each limb with heatinactivated (1 h at 56 °C) HSV-1 strain SC16 in Freund's complete adjuvant. Each injection was 0.5ml of medium containing 1.4 x 108 p.f.u, of virus. Four and 6 weeks later each rabbit was inoculated intravenously with 5 × 107 p.f.u, of live HSV-1 strain SC16 in 0.2 ml of medium.
Titration of rabbit and mouse sera for antibodies to HSV-1. Sera were titrated for neutralizing antibodies by the plaque reduction method. The EDs0 was calculated by probit analysis and the titres are given as reciprocals. A rise or fall in titre of twofold or less was discounted.
Passive immunization. Mice were inoculated intraperitoneally (i.p.) with 0.5 ml of rabbit serum containing antibodies to HSV-1 24 h before inoculation with virus. The serum was diluted with phosphate-buffered saline to give a dose of 4000 ED50. Control mice were given normal rabbit serum diluted to the same extent.
Results
Of 110 mice, 41 were passively immunized with rabbit serum containing antibodies to HSV-1 and 69 mice were given normal rabbit serum. After 24h they were inoculated on the cornea with HSV-1. Twenty-five of the mice treated with normal serum and 16 of the passively immunized mice were treated as follows. Eye washings were taken for the isolation of virus on days 1 to 9 after inoculation with HSV-1 and mice were examined for signs of eye disease on days 1, 3, 6, 8, 10 and 30. On day 30, TG and SCG tissues were taken to determine the incidence of latent infection. From remaining mice (44 mice treated with normal serum and 25 passively immunized) five mice from each group were selected at random on days 1, 3, 5, 7 and 9 after inoculation with virus and the following procedures performed: eye washings for the isolation of virus, examination for signs of eye disease, removal of tissues for the isolation of infectious virus and staining of virus antigens by PAP. Any mouse with signs of encephalitis was excluded.
Clinical disease
Dendritic ulceration of the cornea was seen in the majority of mice from both groups on days 1 to 6 after inoculation. By day 10 all of seven mice treated with normal serum had geographic ulcers and opaque corneas whereas only one of 16 from the passively immunized group had these signs. The remaining 15 mice in this group had normal corneas and lids. On days 1, 3, 5 and 6 the incidence of iris hyperaemia was higher in the passively immunized group than in the non-immunized group. Mydriasis was present on day 8 in eight of 13 (62%) of mice given normal serum but was never seen in passively immunized mice. By day 6 all mice treated with normal serum had lid disease (swelling, ulcers or scabs). In contrast the maximum incidence of such disease in passively immunized mice was two of five on day 7 (Table 1) .
Isolation of virus from eye washings and nervous tissues
There was no difference in the incidence and timing of virus from eye washings of mice from either group. Virus was isolated from eye washings of nearly all mice on days 1 to 6 and by day 8, two of 13 (15%) of eye washings from mice treated with normal serum and three of 16 (19%) from passively immunized mice yielded virus ( Table 2) .
The incidence of isolation of virus from nervous tissues of passively immunized animals was considerably lower than that from mice given normal serum. Infectious virus was first isolated on day 3 from TG 1 of mice from both groups. By day 7 virus was isolated from three of five (60%) TG3 and all of five SCG from mice treated with normal serum. In contrast, no virus was isolated from these tissues in passively immunized mice on this day (Table 3) .
Antigens in ocular tissue
There was no difference in the incidence and timing of appearance of virus antigens in corneal epithelial sheets from mice in either group. Moreover, in both groups the proportion of sheets showing virus antigens was similar to that of eye washings which yielded virus (Fig. 1 , Table  2 ). On day 5 after inoculation, virus antigens were seen in Schwann cells of ocular nerves in five of five mice treated with normal serum. In contrast, the maximum incidence of such staining in passively immunized mice was in one of five (20%) on days 3 and 5. In mice given normal serum virus antigen was seen in the iris on days 5 and 7 in two of :~ Figures in parentheses indicate percentages of animals examined whose eye washings contained HSV-1.
five (40%) whereas such staining was never seen in passively immunized animals ( Fig. 1 a, b) .
Latent infection
Latent infection was detected in almost all TG1 samples tested whether mice were passively immunized or not. In mice given normal serum latent infection was also detected in all samples of TG2 and TG3. In contrast in passively immunized mice the incidence of such infection in TG3 was one of 15 (7%). In the SCG, latent infection was found in five (71%) from seven mice given normal serum but none was found in samples from passively immunized animals (Table 4) .
Titres of antibody to HSV-1 in mouse serum
Fourteen mice were passively immunized with serum containing antibodies to HSV-1. After 24 h eight of these mice were inoculated on the cornea with virus and six with mock inoculum. A further five mice were given 0.5 ml of normal rabbit serum i.p. and 24h later C. Shimeld and others inoculated on the cornea with virus. Blood samples were taken from all these mice immediately before inoculation with virus (day 0) and on days 14, 28 and 56.
The mice given normal rabbit serum all had titres of serum-neutralizing antibodies to HSV-1 of < 8 on day 0. Fourteen days after inoculation of virus, titres of between 92 and 640 were found and these increased on the subsequent days on which sera were tested (Table 5) . Of the 14 passively immunized animals, 11 had titres ranging from 14 to 193 on day 0; these titres were considerably lower by day 14 and by day 28 the majority were < 8. Two mice given passive immunization and then inoculated with virus had measurable titres of antibody on day 0, undetectable levels on day 14 and then considerable increases in titres on subsequent days of testing. Three mice given serum containing antibodies to HSV-1 had titres of < 8 on day 0. Two were in the group inoculated with virus; of these one died of encephalitis and the other had high titres of antibodies on all days tested (Table 5) .
Discussion
Treatment of animals with non-immune serum had no effect on the pathogenesis of the primary disease following inoculation of the cornea with HSV-1 strain McKrae. In such mice the following features of the infection were similar to those we have reported previously after innoculation of the cornea of nonimmune mice with HSV-1 strain SC16 or with .strain McKrae: (i) incidence of virus in eye washings (Tullo et al., 1983; Shimeld et al., 1990) , (ii) sequence of appearance of infectious virus in the BS and the three parts <8  <8  2  66  24  <8  <8  3  <8  <8  <8  <8  4  176  16  <8  <8  5  85  26  8-16  <8  6  152  23  <8  <8 * Mice were inoculated i.p. with 0-5 ml of normal rabbit serum or rabbit serum containing antibodies to HSV-1 24 h before inoculation on the cornea.
t Mice were inoculated with 1 × 104 p.f.u. HSV-1 strain McKrae or with mock inoculum. :~ Antibody to HSV-1 measured on day 0 immediately before inoculation. § Titres are the reciprocals of the dilutions giving 50% plaque reduction.
I1 Animal died.
of the TG (Tullo et al., 1982) , (iii) incidence and distribution of virus antigens in corneal epithelium (Shimeld et al., 1986) , (iv) incidence of latent infection in the three parts of the TG and the SCG (Tullo et aL, 1982; Shimeld et al., 1990) , (v) incidence of death (Shimeld et al., 1990) . Following inoculation of the cornea with HSV the infection eventually involves structures such as the iris and ciliary body. However our previous work with strain SC16 has shown that such spread is more complex than mere direct progression of the infection from superficial to deeper tissues (Dyson et al., 1987) . Infection of structures such as the iris seems to involve spread from the cornea to the TG and BS followed by centrifugal spread back to the iris and other tissues via their nerve supply. In the present study with strain McKrae a similar sequence of events was suggested by the timing of appearance of virus and virus antigens in nervous and ocular tissue in the mice given normal serum.
In addition to spread in the sensory nerves, the autonomic system also becomes infected since latent virus can be detected in the SCG of mice (Price et al., 1975; Tullo et al., 1982) following inoculation of virus on the cornea. However, the route of such spread has not been investigated. Virus can be isolated from the SCG of mice 2 days after inoculation of HSV-1 on the skin of the snout (Dyson et al., 1987) . The rapid arrival of virus in the SCG suggests that spread occurs via the sympathetic nerves which innervate the skin. By contrast, in this study following inoculation of the cornea of mice given non-immune serum, virus was not isolated from the SCG until day 7. This late time suggests that infection of the ganglion did not occur by direct spread from sympathetic nerves in the cornea. Although the rat cornea is known to have a sparse sympathetic supply (Tervo & Palkama, 1976) , the innervation of the mouse cornea has not been well defined. The appearance of antigens in ocular nerves and iris several days before virus was isolated from SCG suggests that virus probably reaches this ganglion via infection of sympathetic nerve endings in the iris.
As expected, non-immune animals responded actively to virus infection by producing high levels of neutralizing antibodies in their sera. In contrast, mice that were passively immunized and then given either virus or mock inoculum showed, in most cases, high antibody levels 1 day after immunization and a fall to undetectable levels by day 28. However, as reported by Sekizawa et al. (1980) after such undetectable levels had been reached, a few animals showed a spontaneous increase in antibody titres. Sekizawa et al. (1980) suggested that these increases may result from spontaneous reactivation of latent virus in these animals. Such responses indicate that passive immunization does not make animals tolerant to virus antigen.
In three animals the passive immunization appeared to fail since there were no detectable antibodies in their sera 1 day after treatment. Such failure may result from inadvertent injection of serum into the gut rather than into the peritoneal cavity. Failure in the immunization of these animals (two of which we subsequently inoculated with virus) was also indicated by the death of one from encephalitis and the development of an active antibody response in the other.
There was no difference in dendritic corneal ulceration between passively immunized mice and mice given normal serum. These clinical observations were supported by the similarity in the two groups of timing and incidence of virus isolation from eye washings and virus antigens in corneal epithelial sheets. Others have reported that passive immunization does not affect titres of virus at the inoculation site during primary infection of the eye (Lausch et al., 1989) or skin (Kapoor et aL, 1982) . In contrast, if mice are actively immunized against HSV-1 some time before inoculation of the cornea virus is rapidly cleared from the tears (Tullo et al., 1983) . However, such animals would have both neutralizing antibodies and cell-mediated immunity.
Despite the similarities between non-immunized and passively immunized mice in corneal epithelial infection early in primary disease, mice given normal serum went on to develop geographic ulcers, a high incidence of corneal haze which progressed to opacification, mydriasis and lid disease. By contrast, in passively immunized mice there was no mydriasis, the corneal epithelium healed and there was a low incidence of lid disease, corneal haze and opacity. Although ocular disease was less severe in passively immunized mice than in mice given normal serum, a notable exception was the earlier appearance of iris hyperaemia in the immunized animals. The formation of immune complexes in the iris is a possible explanation for this sign of inflammation.
In passively immunized animals spread of virus in the nervous system was severely curtailed. Thus, although in nearly all such animals virus reached TG1 (as shown by the high incidence of latent infection in this tissue) it was rarely isolated from TG2, TG3 and SCG. Moreover viral antigens were seldom seen in ocular nerves and never in the iris. We have argued previously that in non-immune animals the extensive centrifugal spread of virus back to the eye is likely to contribute significantly to the later development of severe ocular damage such as irreversible corneal opacity (Dyson et al., 1987) . Hence in passively immunized mice the restricted spread of infection in the nervous system seems the most likely explanation for the absence of such damage, that we and other workers (Metcalf et al., 1987 (Metcalf et al., , 1988 Raizman & Foster, 1988; Foster et aL, 1988; Thompson et al., 1988; Lausch et al., 1989) have observed in such animals.
Additional evidence for the restricted spread of virus in passively immunized mice was provided by the reduced incidence of latent infection in TG2, TG3 and SCG compared to that found in mice given normal rabbit serum. In contrast, the incidence of latent infection in TG1 was similar in both groups of mice. Since during early stages of infection virus travels intraaxonally to TG1 it will almost certainly be inaccessible to neutralizing antibodies. However, later spread to other parts of the nervous system is likely to involve extracellular virus (Hill, 1987) which could be neutralized by antibodies. Passively transferred anti-HSV-1 antibodies, given 3 days after inoculation of the pinna were found to reduce the amount of virus reaching the ganglion and spinal cord but did not alter the amount of virus at the inoculation site (Kapoor et al., 1982) .
In conclusion, passive immunization appears to protect mice from severe eye damage following inocula-tion of HSV-1 on the cornea by restricting infection in the nervous system and thereby stopping centrifugal spread of virus back to ocular tissues. This work was funded by the Medical Research Council.
